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ABSTRACT

The fluctuabions of radio signals at microwave frequencies on overwater paths
are explained on the basis of a periodic rise and fail of the water level, From
this study, it is seen that the variations in the radio signal strength will con-
tain the frequency of the water level cycles and also the second and third har-
monics of the water level cycles.

This came model predicts that the crosscorrelation function of the fluctua-
tions of the radio signal at two vertically spaced antennas will drop from unity to
zero as the separation distance is changed from zero to one-half of a lobe width
of a height-gain interference pattern,

Although the model assumes reflection from a plane surface, the results of
tha study successfully explain most of the features of the observed flucstuations
of the redio signals on two overwater paths,

I, INTRODUCTION

A study of the propagation of microwave radio signals on overwater paths is
confused by the absence of & suitable model of the rough water surfaces. Reflec-
tion from hemisphere, sz&-cylinder and broken mirror type surfaces have been
considered, but the resdits obtained are very unwieldy and the appropriateness of
the models for actual sea surfaces is questionable,

Many of the charectspistics of the overwater radio signal fluctuations can,
however, be explained in terms of a plane reflecting surface which rises and falls
pericdicaliy, This report investigates some of the effects of this simplified
model end compares the resulis with measured overwater propagation data, The com-
parison indicates that at smell graszing angles the simplified model is adequate to
explain a number of measured characteristics,

It is not implied that the plane surface model gives a complete explanation
of the radio signal fluctuations, It is felt, however, that the plane surface
modsl does glve a very good solution where a large coherent reflected componant is
present, It iz felt, further, that a clear understanding of the plane surface
cage will be of value in approaching the problem of reflections from rough sur-
facos,
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II. MATHEMATICAL FORMULATION OF TOTAL RADIO SIGNAL EQUATION

It is assumed that ’i'she path length is short enough so that straigit line pro-
ragation may be used and that the effect of the earth's curvature may be neglected.
With these assumptions, the phase difference, 6, between thas direct and the re-
flected waves at the receiver can be expressed as accurately as needed by the fol-
lowing equation,

h.h
4—“12__ﬁ 2

O =

wherse hy = transmitter height in feet,
= receiver height in feetb,
D™ = path length in feet,
A = wavelength in fept.

The reflecting surface is assumed to rise and fall sinusoidally with time and
the deviation of the reflecting plane from its average value 1s given by
Ah = b sin (wt) ' (2)
where b is the maximum displacement of the reflecting plane from ite average value,
measured in feet,
The height of the receiver and of the transmitter are given by

h --h1 +4h eand

14

h2-h2°+6h ’

respectively,

The equation for © must now be expanded to show the changes in h, and h2 which
result from the reflecting surface height varlations, The equation fir © is

= 2T ) - ‘
o % (ny + ‘_h?a ' &) - n (3)
‘./ﬂ‘_ﬁ rh h 4-. (hy + hp Yan + (Ah)a - (4)
AD Llo 20 . 10 [o] )

If we assume that Ah is small compared to (hl + h, ) we can rewrite Equa-
tion (4) as follows: o “o

A T T st e



o EI s v, R St o L RXA
_ 3
e 147 (hobo V-l + 180 (h, +ho )|

i L
o ;\Lﬁ (hlohzo) - ﬂ’] + [;\Lﬁ (th + hao) b] Sin wt (5)

/ .
=g + ® Sin wt (6)

The equation for the resultant received signal, E, is

E =& (1 + Keje) (N

where, E = electric field strength of the dirert ray or free space signal at
: the receiver.
K = reflection coefficient.

The ratio R of the resultant signal to the direct or free space sigxal is
given by

- (B/E,) = 1 + Ke’® | (8)
=(1+K2+2Kcose)l/é_ (9)
where
K sin ©

§ = arc tan (10)

—-—-——-—q-—
1 +«X Cos ©

*Since our pri.mary interest is in the fluctuations in the total s
tude, we will consider only the scalar ma.gnitude of B in Equation (9§mhioh is

IR|-+('1+K2)+2K(:056)1/ | o (1.1)‘»
A bineninal series expansion of || is, |
IRl = /2 + & H%0s 6 - K: -3/ 2@829 + ng"j/ Zoos 0
- ‘#/x-“w 20080 + 3%§ 2050 s ... (12)

where X=(1+K2 .,

A

b



L

¥y con now cxpent the Cos 6 terms in Equation (12) farn =1, 2, 3, etCe,

and collect coc?ficlents of like terms,

[R| = A, + Ay Cos @ + Ap Cos 26 + A3 Com 38 + ... (13
where
A = xl/z-tz__ﬁ-}ﬁ——-gi—-o..
° /2 cqrf? osexil/2
V.o ¢
- K > ‘ + 1T "
ne me X B e R
2 (14)
27, 337’2 72
- K + d L 4 + one
BT WP 128:572 %ﬁ
The Coe 16 terms in Fguation (13) can alsc be expanded as follows:
Cos 18 = Cos n(q, + ¢ Sin wt) (15)
= Cos (ng, + ob Sin wt) {18}
« Cos (ng,) Cos (nd Sin wt) - Sin (ng,) Sin (od Sin wt) Q7)

whers

23 o4 6!
(xb Sin ws)®  (up St wt)?  fzb st o)l
3t 5¢ 7! J

Gos (b Sin 0t} = 1 - (nb 8in wt)? , (opsin ot)*  (opsin mt)e‘" | Z
(18)

ain (xb 8in wt) = {nb Sin wt) -

| n
As @ finsl step in the expansion of Cos"® in Equation (12}, the &ﬂ.___)—si-:; ot

terms. m® 0, 1, 2, 3, etc.; in Equations (18) can be axplan ed; and by collecting
the coefficients of 1iks terms, a final expression for IR is obtaired in terms
¢ a fundamental (wt) and its harmonics; (nwt), as follows:

JR| =B, + By Sin wt + Bp Goz 2 wt + By Sin 3wt + 34 Cos 4ut + ov. (19)



where
By = &5 ¢ &1 gy Cos 6, + Ap dpp Cos 2@, * Az 4303 Cos 2g, + ...\
By =-A) ¢4, Sin 8 - Ap ¢yo Sin 2¢g, - A3 <b13 Sin 36, =...
By = &) duy Co8 &, + Ay dyo Cos 28, + Azdyz Cos 36, + .. (20)
BBB-AlchlSin eo-AechzSinaeo-A.}d:BSm3eo- 0o

B4 - Al ¢41 Cos eO + AE ¢42 Coa 290 + A3¢43 Cos 360 + a0 J

and

4 b4
. (=3 (n¢)5 (n¢)7+
TR N

)2 (na)d
2— '%' 1536""
3 7
%--@L-%%-'-- e
B

¢5n-§,%-4.,%@+."
56
g, = mel

2‘m40 " eee

" ok /

Equation (19) 4s the final and desired expression for |Ri. The terms shown
in Equations (20) should be adequate for determining the B coefficients for K < 1
and P <4, If K= 1landd> 4, more terms may have tc be added to the series shown
in Equations (14), (20) and (21), depending on the accuracy required and the high-
est harmonics of {n terest,

An expression similar to Equation (19) can be obttained for the total relative
power received if |R|2 is expressed as the sum of a series of sine and cosine terms

obtained through an expansion of Cos 6.

cPC)B. -1 (@)2 (@)4 )6 s \




IR] = (1 + &%) + 2K Cos o (22)

IRIZ = ¢, + ¢; 91n ot + C, Cos 2ut + Oz Sin Jut

(23)
'9'040054@4058111” + 20
where
Co-(1+K2)+2K¢Olcose° \
Cp = 2K¢111 Sin e,
02 = 2K 4)21 Cos €, : 1
(24)

03 = 2K ¢31 Sin eo

c4 = 2K ¢41-003 eo
35 - 2X ¢51 Sin eo

and the ¢ functions are &5 defined in Equation (21) for n = 1,

III, NUMERICAL EXAMPIE

Equations (19) and (23) in the preceding section show the frequency of the
raflecting surface height variations and its harmonics appearing in the received
radio signal, A numerical example is solved in this section to further emphasize
the importance of the surface variation frequency and its harmonics in the total

signal,

Equation (11) is used to compute |R| for several values of the parameters
6, and K, A value of 58° is chosen far ¢ in Equation (6) to correspond to experi-

mental data described later, The frequency of the surface variation is artitrary,

The solution for |R| in the numerical exampls is shown in Figures 1, 2 and 3,
The amplitude of the principal frequency components in |R| is shown in Figures 4,
5 and 6 as a function of 6,, The amplitude curves in Figures 4, 5 and 6 were ob-
tained by a Fourier [1] analysis of the rRT curves in Figures 1, 2 and 3, Higher
harmonics than the third were found to bs small,
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The ocurves in Flgursa 1 thru 6 graphically show the effest prodused by %he
reflecting surfiace variation on the radio signal received, The fundamental of the
surface variation frequency, for example, is found to be dominant over most of the
vange of 65, A strong second harmonic is found most of the time with s thdrd hare
monls becoming prominent for some values of 8,,

It is important to note that only the even harmonics are present in Ir| at
6 = 0%or 180°, Figures 4, 5 and 6, This would correcpond to having the signal
fluctuate about a signal maximum or a signal minimum, respectively, in a heiglit-
gain curve, The disappearance of the odd harmenics is predicted by Equation \lg)
sincs the Sin (ne,) coeffiolent of Sin (n$Bin wt) 1s zero for o w 0° or 180°,
Thus, this term, which gives the odd harmonics, disappears for these conditions,

The ourves in Figure 7 show the magnitude of the three 3y frequenay ocom-

ponents present in the relative radlo power received, Equation (24). These curves
were computed using the ¢ functions as defined in Bquations (21) forn =1,

IV, CORRELATION CONSIDERATION

The normalized crosscorrelation [2] coefficlent pyp () im computed at T = 0
for the retllecting surface variation and the fluotuations in the total received
signal, The mathematical expression forpys (T) is

n
1
PyalT) = fyl(ﬂ yolt + T at (25)
A EEPE)) -

where ,;1?,} w 1,0 8in wt, (amsumed reflecting surface amplitude vardation),
t
2

= fluctuating part of R La,c, component of curves in Figures 1,

2 and 3J,
¥y1(t) = effective value of ¥y (¢)

¥,(t) ™ affective valus of y,(t)

The crossnorislation coeffloient for T = 0 La shown in Fipgure & a8 a funa-
tion of 6, for K « 1,0, The curves for { ™ 0.8 and 0,6 wers also computed but
are nob shown as there was no significant difference betwes=n them and Flgure 8,

Tha crosscorvelatlion curve in Figure 8 shows a correlation cosfficlent of zero
':,etwa»:é the radio mignai variations and the ieflecting surface variations when
8a * 07 or 180°, or in terms of helght-gain curves, whan at a o1gnal maximum
o ah a mignal minimm, raanactivaly,

A singla orosscorrslation curve, Figure 9, was domputad for the {luctua-
tions in the total signal at 85~ 0 and the fluctuntions at other valuas ol 0.
Thin was cotputed for K = .0 only, The curva shown the correlstion to be expected
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between the fluctuations in tha signal at a helght—pgain maximum and the fluctuaw-
tions in the signal at other ressiver heights which ars near the height of the
height.-gain mwaximm, This curve, of course, is directly applicable only to the
numerical esample in bthis paper.

V. ANALYSI3 OF FIEID MEASURED RADIO SIGNALS ON OVERWATER PATH

e ———— T T

Signal atrength measurements were made on an overwater path, 16,200 fest long,

across the Golden Gate Inlet, San Francisco, California, Figure 10. The trans~

. mitter heighi waes 87 feet above msan sea levsl and the receiver height was appraxi-~

mataly 50 feet above mean saa level. The water level data [ 3] wers obtained at the

pile in Figure 10, A nominal value for the swell amplitudes as measured was two
feet, peak to trough.

! Speotral density studies [4 ] were nade of the variations with time of the
' water level and of the variations with time of the radio signal, Sample ocurves
are ahown in Figures 11, 12, 13 and 14,

J Figure 1l is the water data spectral density curve and is typical of all the
i water data samplas takei), The frequency at whioh the peak ococourred varied slightly
from day to day but otherwiss the .urve remained eamsentially the same, Tha speo~
g tral density ourves of the rudio signal variaed conaiderably as Figures 12, 13 and
) 14 wili altest, Thess are ty'piral cases of the curves found although there were
& few cases in which the second peak wae larger than the first. Thare were no
cases in whioh a dafinite fourth peak was found,

"

The very good agreement bstwean the centrzl frequsnoy at which the peak ooccurs
in the water speotral density curve, Figure 11, and the central freaauoncy of thm
rirst peak in the radio spectral density curves, Figures 12, 13, and 14, suggmsts
very atrongly that one resnlta from ths other, Alsc ths second and third peaks
in the radio data are so near the second and third harmonic froquenscies of the
firat peak central frequency that it must be ascumed that they are the harmonios
of the first peak central fraquensy,

The numerical example ourves in 7 show how a proper cholce of 8, would
ylold, by theorstioal analysie, ouwrves of |R| having the same fluotuation charace
wriaéioa &8 found in the measured data, In Figure 7, for example, a conatant
amplitude reflected wave with a relative time phase of 80° or 1009 ad a rola~
tive time phare variation of 58 Sin wt would have produced in the total received
algnel a time verylnz component having a strong fundamental and a negligible mecond
and third harmnonioc of the driving freguency as found in the meaourgd datn shown |
in Pigurc 12, If the mean relative time phase had been 15° or 165°, a spectral !
denaity curve similar to the massursd curve in Figurs 13 wouldd have been obtained,
Similarly, a mean relativa time phase of 130° would have rasultsd in the spaotral i
Jenaity ourve in Figure 1. i

T oy - PO A R Y

b e ———e . —— ———

The theorstical analysis, of oouras, ias for a single water wave frequercy and
thus gives only line spectra, wherear, ths field measured curves are for conditions
of conlinuous weter wave spectra., It 1s not too difficult, howaever, to viaualize

v
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the drlving force in the numerical eramnle as a band of frequencies, in which ocase,
the spactra would bo a band spectra siwmdlar to the field measvred cace, Thus we
see that the patherns in Figures 12, 13 and L4 plus wmany obhers sould bz obtained
from a single specularly reflectad wave of constant amplitude.

The mean relative phase 6, in the field measursd data was essentially constant
avar short periods of time, iwwever, changes in water lovel dus to the tide did
vhange 6, considerably over longer periods of time, Tides varied froem four to six
feot the period of measurement and thus ohanged the effective tesminal
heights 2* and l'\g such that 8, varied during the day as much as 232° or 348°, de-
persiing the tfde hat day, This range cf variation was suffiocient to ocover
almost all of the posaible combinations of oomponents shown in Figure 7,

VI. SYNTHESIS OF RADIO SIGNALS ON AN OVERWATER PATH

The ocean model, assumad in Section I is used to compute a height-gain ourve
for a second overwater path, The oquation for the ourve is number (8). The com~
ponents of the relative phase angle © vary in accordance with Equetion (3),

The values assignel the parameters in Equation (8) are those of an overvaler
path at Baretaria Pass, Loulsiana [ 5]. Ses Figure 15. Tha values are: h, ® 61,7
fest, b » 1/12 foot, Am 0,105 foot, and D = 2780 feet, The time variations in
the heigit of the refleoting surface Are arbitrarily related %o the bime factor
in the helgtt~galin wua Jo wuch & way Vhat 7,1l oycles of the surface variations
are complsted in one cyole of the height-gain variation, If we neglect 1y in the
6 Component of Bquation (5) and assume an initial phase angle for the reflecting
surface variations, the equation for 6 is '

ol o \ .
6 = 2,656 hy -(%&’1‘3) sin (18.9 np - 3,037) (26)

A value of 0,9 is assumed {5 )for K, so that the squation for R ia

" 6 [ ]
Ruile 09 oli2:6% hp - (_%:U’l%) 8tn (38,9 b ~ 3.037" (27

Bouation {27) 48 shown plotted in Figurs 14(b),

The syntheais of the radio signal ims carried ons step further in order to
investigate the effect on the pattern of the height-gain curve of a small variation
in the reflection coefficlient, Accordingly, K is assumed to vary in the following
manrier

K = 0.9 - 0.05 81n (18.9 b, - 3.0%7) (28)
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If we assume ¢* to be zero, the equetion for R is
& = . i
1 Rl [0.9 - 0.05Sin (18.9 by - 3.057) | o 265 ha (29)
. - -
F A plot of Equation (29) iz shown in Figure 16(c).
- L : Figure 16(d) is a plot of R with hoth K and © having « sinusoidsl time vary-
: ; iz oomponent,, The equation for R is
Ll
'} RE Rwml+ [0.9 - 0.05 Sin (18.9 h, ~ 3.037’5] |
61.7 + b, -
Pigure 16(a) s & sarple of the mdio signal R as sctually measured at Parstaria
Pass, The agreement of thin signal with the syntheasized signals in 16(b2 and (d)

ir very zood and indioates the «itreme impartance of the relative phase of the
refle;ted wve,

.:x;': W R SR v PR
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VII. CONCLUSTONS

e

-

1. Variations in the relative tims phase of the rofleoted wave generates,
in the cczmbination of the direot wave and the relflected wavs in the receiver, a
fundsmental and highor harmonios of the driving motion causing the phase varin-
tious,

£ ' 2, Normalised crosscorrelation studien of the time wariations in the ampli-
) . turde of a radio signal taksn on an ovarwster path and the azsnclated time varia-
: tizhie in the height of the pcean surface may vary firom zero to unity, depending
y on the rolalive time phase of the reflected radio wave and the direst redio wave,

o 3. Mormalised crosacorrslsticn studies of the time variations in the ampli-
| tuds of radio signale “aken oa vertically spaced antennas may vary from plua or
| minus ¢ne ‘to zero,

4. The pood agrsement of the spectral densiiy distribution of the time vari-
I‘ \ ations in the radio signal with the predicted spectral density distribution based
! ] on the assumed acean model indicates that the assumed model im a good approximation
i . of the trus ocean existing at thw time the field data were taken.

i 5. Tha good agrzcment refurred to in paragraph (4) above also shows very

i ; strongiy that tha relatlve time phase variations in the reflectod radio signal
‘g are & major factor In determining the Hime stability of the amplitude of the total
radlo sigoal,
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6. The reprodacibility of field measured data by relative tims phasn vari-
ations In the reifimsted ray oifiers additional evidenca of tha lmportance of the
relative tims phame variaticna in the time stability of the total radlo signal,

7. The praminence of the surfaca variation fundamental in Flgnras 32, 13
and 1. suggests that the surface reflected wave comes primarily from a smali ares
sround the geometricel image point, l.e,, an araa of the same order of magnitude
as the individual swell wavelength,
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